Cholesteryl hemisuccinate has been incorporated into pea chloroplast thylakoids to investigate the relationship between fluidity and functioning of this membrane system. Levels of sterol which increased the apparent viscosity of the membrane, estimated by fluorescence polarization measurements using the lppboilic probe, 1,6-diphenyl-1,3,5 hexatriene, affected several photosynthetic processes. A decrease in fluidity was accompanied by an inhibition of dark limiting steps associated with electron transfer between photosystems two and one (PSII and PSI) as observed by the oxidation of the primary acceptor of PSII and by electron flow to ferricyanide. Also, treatment with cholesteryl hemisuccinate inhibited the saltinduced rise in chlorophyli fluorescence and changed the ionic conductivity of the membrane as judged by measurements of the decay of the lightinduced proton gradient. The results are discussed in terms of the effect of fluidity changes on the lateral dfffusion of plastoquinone and chlorophyli protein complexes in the lipid matrix of the membrane.
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There is increasing evidence that the fluidity of the chloroplast thylakoid membrane may play an important role in controlling the light reactions of photosynthesis (4, 24) . The fluidity of biological membranes is determined mainly by the length and the degree of saturation of alkyl chains in fatty acids of the constituent lipids. Thylakoid membranes of higher plants contain galactolipids with highly unsaturated fatty acids and a small portion of phospho-and sulfolipids (1, 5, 15) . Thus, a relatively low viscosity may be expected for the thylakoid membrane at room temperature (2) . However, the membrane fluidity can be changed by varying the temperature of the chloroplast suspension and a great deal of evidence has accumulated suggesting effects of temperature on function ofchloroplasts, including electron transport, fluorescence changes, and other related reactions (6, 9, 13, 14, 16, 19, 20, 22, 29, 30, 33, 34) . The viscosity of membranes can also be changed by introducing other membrane components such as sterols and in particular the effects of cholesterol on artificial lipid membranes have been well characterized and reviewed by several authors (7, 23 thylakoid lipid phase on the functioning of various photosynthetic processes such as electron transport, ionic conductivity of the membrane, and cation-induced Chl fluorescence changes. Although this sterol occurs only at low levels in higher plants its effect on the physical properties of biological membranes in general is well documented. Thus, we have simply used this compound, added as the hemisuccinate, in an attempt to artificialy manipulate the fluidity of the thylakoid membrane.
MATERIALS AND METHODS
Pea chloroplasts were prepared according to Nakatani and Barber (21) , and then osmotically disrupted, washed once, and suspended in 0.33 M sorbitol and 1 mm Tris-HCl solution (pH 7.5). Cholesteryl hemisuccinate was added to thylakoid membranes by the method of Shinitzky et al. (28) ; 3.5% (w/w) of polyvinyl pyrrolidone (PVP, Mr 40,000, Sigma) was incubated with 25 mm Tris-HCl buffer (pH 7.5) for at least 30 min and cholesteryl hemisuccinate (Tris-salt), dissolved in a small amount of tetrahydrofuran, was added to give the required concentration. The cholesteryl hemisuccinate/PVP solution was then added to chloroplast suspensions and incubated for a few minutes at room temperature. After treatment, the membranes were separated from the sterol-treated polymer by centrifugation at 10,000g for 10 min at 4 C. The membranes were washed once and then resuspended in 0.33 M sorbitol and 1 mim Tris buffer (pH 7.5). The amount of cholesteryl hemisuccinate present in the membranes was estimated using a modified chemical method described by Searcey et al. (27) . Washed membranes equivalent to 200,g Chl were spotted on filter paper and dried in a warm oven (50 C). The paper discs were cut out and treated with saturated FeSO4 in 2 ml glacial acetic acid for at least 1 h at room temperature, 1.5 ml were then removed, and 0.5 ml concentrated H2S04 added. The salmon pink color was allowed to develop for 10 min, and then the absorption at 490 nm (adjusted for readings from untreated membranes) compared with a standard calibration curve. Corrections were also made for slight differences in Chl levels by normalizing the readings of each sample against an absorption value measured at 660 nm. An approximate linear relationship was found for the level ofcholesteryl hemisuccinate in membranes as compared with the levels in the incubation medium up to a treatment ratio of 5: 1 sterol:Chl. At an incubation level of 5:1, the membrane concentration ratio on a weight basis was estimated to be 0.3 ± 0.1 (± SD) sterol:Chl.
DCIP3 photoreduction (measured at 580 nm), ferricyanide photoreduction (measured at 420 nm) and H+ transport activity Fluorescence polarization measurements of DPH were carried out using a Perkin-Elmer spectrofluorometer MPF 44A. Detailed methods for analyzing degree of polarization were as described elsewhere (8) .
RESULTS AND DISCUSSION The effect of cholesteryl hemisuccinate on the oxidation rate of reduced Q, the primary electron acceptor of PSII, was estimated from the time course of the Chl fluorescence change after illumination. According to Malkin and Kok (18) , the ratio of the concentration of Q in its oxidized state (Q..) to that of total (Qtt) can be estimated by the following equation:
F. -Fo (1) where Fo and Ft, are the levels of fluorescence in dark-adapted and preilluminated chloroplasts, respectively. F. is the maximum steady level of fluorescence ( Fig. 1, inset (31) . The preference of the negatively charged ferricyanide anion to accept electrons from PSI rather than PSII under these conditions may reflect a difference in the electrical surface charge properties in the immediate vicinities of the two photosystems (11, 12) . On the other hand, DCIP photoreduction was affected less by the addition of cholesteryl hemisuccinate, with the maximum inhibition for the concentration range of cholesteryl hemisuccinate examined being 10%o. This difference could be due to the fact that DCIP accepts electrons from the primary acceptor of PSII.
The effect of cholesteryl hemisuccinate on ferricyanide photoreduction seemed not to involve inhibition of the photoreaction but rather to act on secondary electron flow. This is suggested from analysis of the reaction rate of ferricyanide reduction at different limiting actinic light intensity (Fig. 3) Figure 3 shows that there was less change in the slope of the line (KL) than in the intercept (KD); a change of 6% in the former and 33% in the latter after cholesteryl hemisuccinate treatment. Therefore, this analysis suggests that the observed effect of cholesteryl hemisuccinate on electron transport is mostly due to inhibition of the dark steps involved, with little change in the efficiency of the photoreactions themselves.
Light-induced H+ uptake into the intrathylakoid space and their release after illumination were measured using the absorbance change of a pH-indicator dye, bromcresol purple. Addition of cholesteryl hemissucinate decreased the initial rate of the H+ uptake coupled to electron transport (Fig. 4) . The rate constant for H+ release estimated from the half-recovery time of the absorbance change was also decreased in the presence of cholesteryl hemisuccinate, suggesting that H+ conductivity of the thylakoid membrane was affected by the sterol.
Cholesteryl hemisuccinate had also a marked effect on the Mg2+-induced increase in fluorescence yield associated with the regulation of excitation energy transfer between PSI and PSII ( Cholest. / Chi ratio FIG. 6. Effect ofcholesteryl hemisuccinate on the degree ofpolarization of DPH incorporated into chloroplast thylakoids. DPH incorporation, measurement and calculation of fluorescence polarization (p) as given previously (8) . Data given ± SE of three separate experiments. thylakoid membrane, on the addition of cations may be primarily responsible for changes in spillover of excitation energy from PSII to PSI. Since such a process requires lateral protein diffusion to occur, it would seem likely that spillover of the energy will be significantly affected by the physical condition of the membrane, particularly fluidity of lipids (4) .
The relative fluidity of thylakoid membranes can be estimated by measuring the polarization of fluorescence from the hydrophobic probe molecule, DPH. Treatment of thylakoid membranes with levels of cholesteryl hemissucinate sufficient to inhibit electron transport were found to induce an increase in the polarization of DPH fluorescence consistent with a reduction of the fluidity of the lipid environment surrounding the probe (Fig. 6) . The observed effect of cholesteryl hemisuccinate on the viscosity of the thylakoid membrane is consistent with experiments on other natural and artificial membranes (7, 10, 17, 23, 32) . According to Demel and de Kruff (7), the effect of cholesterol on the fluidity of membranes is dependent on the original physical condition of the lipid phase: when the membrane is in a crystalline state (below phase-transition temperature), the addition of cholesterol induces an increase in fluidity, whereas if the membrane is initially in a liquid-crystalline state (above the phase-transition temperature, as is the case for chloroplast thylakoids at room temperature), cho-
lesterol induces a condensation of the lipid matrix and a reduction in fluidity. The increased packing and decreased mobility of hydrocarbon chains under the latter condition may interfere with normal protein-protein and protein-lipid interactions and may also induce a change in ionic conductivity of the membrane. In the present study cholesteryl hemisuccinate has been used to modify the membrane fluidity by using the technique of PVP association as described by Shinitzky et al. (28) . These workers have found that cholesteryl hemisuccinate is more readily incorporated into biological membranes as compared with cholesterol but that the two compounds have essentially identical effects on fluidity. We have also carried out experiments with thylakoids using cholesterol and essentially have obtained data similar to that presented in this paper. According to our estimates the maximum levels of the sterol in the membrane is 0.6 mol/mol Chl. Gas chromatographic analysis of untreated pea thylakoid membranes gave a total acyl lipid to Chl ratio of about 3 (Chapman, unpublished) which suggests that at the maximum incorporation, the sterol:lipid ratio was 0.2. This value is probably over estimated since some of the cholesterol released from the PVP surface may not incorporate into the lipid matrix of the membrane but simply associate with the surface. Unfortunately, it is difficult to estimate the extent of this effect if indeed it happens.
Overall the results seem to indicate that the treatments given using cholesteryl hemisuccinate bring about both changes in the fluidity ofthe membrane and the functioning ofthe photosynthetic apparatus. Cholesteryl hemisuccinate was used as the agent to modify the lipid microviscosity because it is used extensively with animal and artificial membranes for this purpose. It might be worthwhile to carry out similar experiments using plant sterols such as ,8-sitosterol or stigmasterol, although the thylakoid membrane itself does not contain readily detectable amounts of sterol (5) . The purpose of this study, however, was to try to clarify the relationship between fluidity and function even though the mode of manipulation of the viscosity of membrane lipids is not physiological. Inhibition of the oxidation of reduced Q and of the dark electron transfer reactions via both photosystems could be a result of a loss of mobility of plastoquinone within'the lipid phase. It is generally thought that the plastoquinone pool acts to transfer electrons from PSII to PSI by diffusion in the lipid matrix. This process is the rate-limiting step in photosynthetic electron flow and will be particularly important if there is a significant distance between the protein complexes of PSI and PSII as suggested by fractionation studies (2) . Further studies to investigate the ratelimiting step between PSII and PSI due to the reduction/oxidation of plastoquinone in relation to lipid fluidity are required, ideally by utilizing flash spectroscopy. Membrane fluidity will also affect the lateral mobility of protein complexes, and this seems to be the explanation for the ability of added sterol to inhibit the salt induced changes in spillover, as recorded by changes in Chl fluorescence (4) .
